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Abstract 22 
This study uses partially threaded self-tapping screws to enhance the mechanical properties 23 
of damaged and undamaged dowel-type timber connections. The damaged connections 24 
have a 1.5mm wide artificial crack across the middle row of the fasteners. Test results 25 
showed that screw reinforcement can restore the rotation capacity of damaged connections. 26 
The rotational capacity of reinforced connections without cracks is 45.6% higher than 27 
unreinforced connections while the improvement on moment-resisting capacity is slight. 28 
Digital image correlation (DIC) was used to detect the movement of the connections and 29 
validated that the fasteners rotate around the centre of rotation in reinforced connections. 30 
Screw reinforcement also demonstrated the ability to control crack propagation, with the 31 
reinforced groups showed a reduction of crack length by at least 37% when compared to the 32 
unreinforced groups. A calculation method is proposed to calculate the characteristic 33 
moment-resisting capacity of damaged and undamaged screw reinforced connections. The 34 
calculated values are proven to be conservative when compared with the characteristic 35 
value based on the experimental results.  36 
 37 
Highlights 38 
x Self-tapping screws restored the rotational capacity of connections with cracks 39 
x Partially threaded screws showed a trend to effectively control crack propagation 40 
x A theoretical prediction method is demonstrated 41 
 42 
Keywords 43 
Self-tapping screws, reinforcement, timber dowel-type connections, moment-resisting, 44 
theoretical prediction 45 
  46 
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1. Introduction 47 
Dowel-type connections are widely used in timber construction. As timber is weak in 48 
transferring load perpendicular to the grain, international standards have set ground rules to 49 
prevent splitting by limiting the minimum fastener spacing, end and edge distance in design. 50 
However, cracks can occur to existing timber connections due to moisture fluctuations. As 51 
the relative humidity varies in the environment, the wood tends to change its moisture 52 
content to achieve a balance. The material will change in size as it swells (increase in 53 
moisture content) or shrinks (decrease in moisture content). As the dimension of the wood 54 
changes, the fasteners in the connections tend to restrain this movement and stress will be 55 
concentrated in the wood around the fasteners. Excessive stresses can lead to cracking of 56 
the timber member and reduce the moment-resisting capacity and ductility of the 57 
connections. The moment-resisting capacity and ductility of a connection is usually critical, 58 
especially for high-rise timber buildings and structures in seismically active areas.  59 
Studies [1-3] have used steel plates and FRPs (fibre-reinforced polymers) as reinforcement 60 
to repair damaged timber members. However, both reinforcement methods require a large 61 
amount of work and involve complex installation procedures. In addition, when such 62 
reinforcement is to be placed on the timber member, accessibility to a large surface area of 63 
the structural components is usually required and this can limit their application when 64 
repairing certain historical buildings.  65 
Recent studies have indicated the potential use of self-tapping screws as reinforcement to 66 
dowel-type connections [4-6]. Their work shows that self-tapping screws can effectively 67 
reduce the splitting tendency of the connections. Other studies investigated the effectiveness 68 
of using self-tapping screws as reinforcement in bolted timber connections under dynamic 69 
load [7-10]. Lam, Gehloff and Closen [9] reported that screw reinforcement increased the 70 
moment-resisting capacity by 170% under reverse cyclic loading. In addition, self-tapping 71 
screws are easy to install and are less intrusive. A practical use of self-tapping screws to 72 
repair cracked dowel-type connections is shown in Figure 1. 73 
Previous studies have investigated the influence of thread configuration of self-tapping 74 
screws as reinforcement to dowel-type connections [11, 12]. The results indicated that 75 
screws with 33% thread on the point end achieved similar performance as reinforcement to 76 
that of screws with complete thread. The studies suggested using partially threaded screws, 77 
as fully threaded screws are prone to damage due to the high frictional force induced during 78 
installation [11, 12]. 79 
Delahunty, Chui and McCormick [13] applied self-tapping screws to reinforce connections 80 
with artificial cracks and confirmed that the reinforcement can improve the load-carrying 81 
capacity of cracked connections. However, their work is limited to bolted connections loaded 82 
parallel to the grain.  83 
 84 
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 85 
Figure 1: Self-tapping screws are installed from the bottom to repair the connection at the Forum, Exeter. 86 
Currently, there is limited knowledge on using self-tapping screws to reinforce or repair 87 
dowel-type moment-resisting connections. Therefore, the purpose of this study is to examine 88 
the effectiveness of self-tapping screws with various thread configurations in enhancing the 89 
moment resistance of timber connections with and without artificial cracks. 90 
This study also intends to use the embedment properties of wood to predict the moment-91 
resisting capacity of screw reinforced dowel-type connections. There are studies on testing 92 
the unreinforced embedment strength of single-dowel connections [14-17] providing mean 93 
embedment strength values and only [18] presents both characteristic and mean 94 
embedment strength values. In addition, there is limited research focused on the 95 
embedment strength of screw reinforcement [19, 20] and their works found that screw 96 
reinforcement can enhance the embedment strength of connection. However, their results 97 
are presented with mean values. For design purposes, characteristic embedment strength 98 
values are used rather than mean values. Therefore, due to limitation in available database, 99 
the prediction method proposed by this study used the characteristic embedment strength 100 
that were acquired from projects within the scope of this research.  101 
2. Materials and methods 102 
In this study, self-tapping screws were used in dowel-type connections with artificial crack 103 
and compared the strength with uncracked connections. The effects of cracks in timber 104 
connections were also examined.  105 
Based on previous works [11, 12], this study tends to use self-tapping screws with reduced 106 
thread length along their shank. This is practically necessary when long screws are used to 107 
reinforce members in large-scale timber structures. The fully threaded screws are vulnerable 108 
to damage during installation as large friction forces are generated. Thus, a 300mm long 109 
self-tapping screws (Screw X), with 100mm threaded part on the point end, were used to 110 
examine the performance of reinforcement. 111 
2.1. Material preparation 112 
The commercial glulam beams in this test were prepared from European Whitewood 113 
(Norway spruce (Picea abies) or silver fir (Abies alba)) classified to GL24c. They were 114 
conditioned to equilibrium moisture content before and after fabrication (at 21.6°C 115 
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temperature and 59% RH). The measured average density is 419kg/m3 (CoV=3.5%) and 116 
average moisture content (M.C.) is 8.4% (CoV=10.0%). A drawing of the screw with flange 117 
head is shown in Figure 2 and its detailed specifications and material properties from the 118 
technical approval [21] are listed in Table 1. 119 
 120 
Figure 2: Self-tapping Screw X (8.0mm×300mm) used in this study. 121 
Table 1: Specifications of the self-tapping screw [21]. 122 
Ls (mm) 
Screw length 
Lt (mm) 
Thread length 
øds (mm) 
Shank diameter 
ødi (mm) 
Inner diameter 
øds (mm) 
Outer diameter 
ødk (mm) 
Head diameter 
300.00 100.00 8.00 5.30 5.90 20.00 
Characteristic yield moment (Nm) Characteristic tension resistance (kN) 
22.6   8.56   
 123 
In this study, the specimen was simplified to one timber member to simulate a timber-steel-124 
timber connection. The span of the glulam beam was 1500mm and was taken to be 125 
sufficient to keep the effect of shear deflection in the beam to a negligible value.  126 
Table 2: Summary of each groups 127 
Group Description No of 
tests 
Mean density 
(kg/m3) 
(CoV) 
Mean M.C.%  
(CoV) 
MCU Moment Connection Unreinforced 6 419  
(6.0%) 
7.8  
(11.7%) 
CMCU Cracked Moment Connection Unreinforced, 
1.5mm crack width 
6 419  
(2.2%) 
8.8  
(5.0%) 
MCBS Moment Connection Reinforced by Screw X 6 419  
(2.5%) 
8.8 
(5.5%) 
CMCBS Cracked Moment Connection Reinforced by Screw X, 
1.5mm crack width 
6 421 
(5.4%) 
7.8  
(15.9%) 
 128 
In total, 24 tests using 9 glulam beams were conducted and Table 2 lists the details of each 129 
group. The specimens for group CMCU were prepared from the tested groups MCU and 130 
MCBS using 6 beams (three from each group). One end of the tested beams was cut off and 131 
new fastener holes were prepared on the remaining part.  132 
The timber-steel-timber connections consisted of 5mm steel plates slotted into the glulam 133 
beam with 67mm thickness on each timber side member. The configuration of the 134 
connections was designed according to Eurocode 5  (EC5 hereafter) [22] and the details are 135 
shown in Figure 3. The diameter of the dowel was 12mm and a 3×3 fastener group was 136 
used for the connections. The steel dowels and steel plates were made from bright mild steel 137 
080A15T and S275, respectively.  138 
The artificial crack was prepared using a bandsaw which had a width of the saw of 1.5mm. 139 
The crack was located at the middle row of the dowels and the length was 315mm. A 6mm 140 
wide slot was then cut using the bandsaw on both ends of the beam for mounting the 5mm 141 
steel plate as the central member. A pre-drilled hole with 5.5mm diameter and 80mm depth 142 
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was prepared using a pillar drill to ensure the 300mm self-tapping screw could be placed 143 
perpendicular to the grain.  144 
 145 
 146 
Figure 3: Specimen configurations: (a) Moment Connection Unreinforced (MCU), (b) Cracked Moment 147 
Connection Unreinforced (CMCU), (c) Moment Connection Reinforced with Screw (MCBS), (d) Cracked Moment 148 
Connection Reinforced with Screw (CMCBS) and (e) top view of the glulam beam indicating the positions of the 149 
screw reinforcement. 150 
After fabrication of the specimens, one side of the glulam beam on both ends was painted 151 
with black speckle patterns in a matt white background for Digital Image Correlation (DIC). 152 
The painted side covered an area of 300mm×315mm where the fastener group was located. 153 
DIC was used to track crack propagation and observe surface strain distribution. The painted 154 
surface had no difference from the non-DIC side; therefore, cracks could not be controlled to 155 
appear on the painted side for analysis.  156 
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2.2. Moment-resisting connection test set-up 157 
 158 
Figure 4: Moment-resisting connection test set-up (left) and locations of the LVDTs (right). 159 
A general view of the test set-up is shown in Figure 4. The glulam beam and the steel plate 160 
were placed at 1200mm above the ground and a hydraulic pull jack (with 100kN capacity 161 
and 150mm stroke) was bolted to the strong floor in the laboratory. The hydraulic jack pulled 162 
the beam downwards 1 metre away from the fixed end and the load was distributed through 163 
a steel plate. In this static test, the connection specimens were loaded to failure with around 164 
15-20% load drop from where the peak load was observed. The test was conducted in load-165 
control and at each 0.5kN increment a picture was taken for DIC analysis.  166 
 167 
Figure 5: Schematic to measure the rotation of the connections. 168 
A total of 6 linear variable differential transformers (LVDT) (100mm stroke, ±0.01mm 169 
accuracy) were deployed in each test and Figure 4 (right) shows their locations. LVDTs 5 170 
and 6 measured the vertical displacement at the mid-point and loading point, respectively. 171 
The rotation of the connections is calculated by considering the relative displacement 172 
between the LVDT on top and bottom of the beam. As shown in Figure 5, LVDT 1 measured 173 
the horizontal displacement from a to D¶ and LVDT 2 gave the measurement from b to b¶. 174 
The angle of rotation of the connections can be calculated as: 175 ߠ ൌ ܽݎܿݐܽ݊ ቄ൫௔ᇲି௔൯ା൫௕ᇲି௕൯௛ ቅ ൌ ܽݎܿݐܽ݊ ቄఋೌାఋ್௛ ቅ                                                     (1) 176 
where:  
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h is the vertical distance between the top and bottom LVDTs and was 
measured as 335mm in this study; 
įa  and įb are the relative horizontal displacements of the two LVDTs. 
3. Results and discussion 177 
3.1. Moment-rotation curves 178 
 179 
Figure 6: Moment-rotation curves for each group. 180 
Figure 6 demonstrates the moment-rotation curves for the four groups. During the test, the 181 
readings of some LVDTs stopped as the stroke on the LVDT was reached or the LVDT stuck 182 
due to the movement of the beam. Therefore, to reflect the actual rotational capacity of the 183 
connections, the rotation of the connections in the last image from DIC was calculated. A 184 
final point can be plotted with the rotation and the corresponding moment. A straight line is 185 
drawn between the last available data from the LVDT measurement and the calculated final 186 
point. Another method is to use the displacement of LVDT 5 which was placed at the mid-187 
point of the beam. It was used to check the results of the former method.  The average 188 
percentage difference is found to be 8.9% between the two methods.  189 
As can be seen in Figure 6, even though a similar mean density and variation has been 190 
achieved (see Table 2), the connections within a group still display variation in moment-191 
rotation curves. This could result from factors relating to local material defects such as knots.  192 
Table 3 summarises the results of the moment-resisting connection test. The density of 193 
connections varies in a range of 398-447kg/m3 and is considered to have an impact on the 194 
test results. A higher density of wood can lead to higher embedment strength and thus a 195 
higher moment-resisting capacity. ANCOVA (Analysis of Covariance) is applied to examine 196 
the difference between the three groups after effectively removing the influence of density 197 
variation.  198 
In terms of moment-resisting capacity, no significant difference was found between the four 199 
groups in Table 3. The average capacity of the reinforced group MCBS is about 6.5% higher 200 
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than the unreinforced group MCU. This implies that partially threaded self-tapping screws 201 
can slightly improve the moment-resisting capacity when placed at 1d distance to the dowel. 202 
Comparing with group CMCU, it shows that screw reinforcement in group CMCBS did not 203 
effectively improve the moment-resisting capacity when the connection was damaged by an 204 
artificial crack. 205 
Table 3: Summary of results for each group. 206 
Group Average moment-resisting 
capacity (kNm) (CoV) * 
Average maximum rotation (°)               
(CoV) * 
Stiffness (kNm per degree)    
(CoV) * 
MCU 13.07 (13%) 4.47 (49%) 9.26 (20%) 
CMCU 13.35 (10%) 2.74 (23%) 11.30 (22%) 
MCBS 13.92 (8%) 6.51 (31%) 9.18 (26%) 
CMCBS 13.35 (15%) 4.95 (44%) 8.28 (25%) 
* The values are adjusted by ANCOVA, except the CoV remains for the value before the adjustment. 207 
For the connections designed in this study, a crack due to moisture variation may appear on 208 
the top, middle and bottom rows of the fastener group. This study focuses exclusively on 209 
connections that have a crack developed at the middle row. Group MCU shows a slightly 210 
lower capacity than group CMCU, which has a crack located at the middle row. The result 211 
may indicate that a crack located at the middle row may not significantly influence the 212 
moment-resisting capacity of a connection. The moment-resisting calculations later in this 213 
section also indicate that the middle dowels have the lowest capacity as the force acts 214 
perpendicular to the grain (wood with the lowest embedment strength), and they also have 215 
the shortest distance to the rotation centre.  216 
For a connection, both the moment-resisting capacity and ductility are important. In this 217 
study, the rotational capacity of the connections is considered as an indicator of the ductility 218 
of the connections. A crack located at the middle row did not significantly reduce the 219 
moment-resisting capacity but it significantly reduced the rotational capacity of the 220 
connections which is a crucial factor for designing structures in seismic areas. 221 
In terms of average rotation, the unreinforced group CMCU with artificial cracks showed the 222 
lowest value; it had only 61% capacity of the original unreinforced group MCU. This indicates 223 
that timber cracking can greatly reduce the rotational capacity of a connection. The 224 
reinforced group CMCBS that contained artificial cracks achieved the second-best maximum 225 
rotation; it had a capacity even higher than the unreinforced, undamaged ones, by 10.7%. 226 
This implies that screw reinforcement can restore the rotational capacity of damaged 227 
connections. Finally, the reinforced group MCBS showed the highest rotation, which met 228 
expectations, it improved the rotational capacity by 45.6%, when comparing with group 229 
MCU. The variation of rotation angle was higher for group MCU and CMCBS which could be 230 
a result of the inherent variability of wood materials.  231 
As mentioned in the previous section, the specimens in group CMCU were prepared from 232 
the tested beams in groups MCU and MCBS. Specimens CMCU1-3 were prepared from 233 
MCU1, 3 and 6, respectively. Using the same beam reduces the variation of material 234 
properties due to defects and a comparison of the moment-resisting capacity before and 235 
after the application of an artificial crack was made. Overall, it showed an increase of 236 
moment-resisting capacity of 13%, 19% and 11% for CMCU1-3 with an artificial crack. Such 237 
increase may explain why the group CMCU achieved higher moment-resisting capacity than 238 
group MCU. A possible explanation could be due to the local defects, as knots were 239 
identified in the glulam beams. After the beams were reused, the fastener groups were 240 
located on different locations. Thus, different locations of the fastener group along the beam 241 
may have different numbers of defects and the implication is difficult to measure. Therefore, 242 
more tests are recommended to minimise the influence of local defects.  243 
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For CMCU4-6, the specimens were prepared from group MCBS. However, a similar 244 
comparison is not possible with two variables because group CMCU contains artificial cracks 245 
without reinforcement while group MCBS contains reinforcement without artificial cracks. 246 
A similar calculation of rotation angle is performed for the connections in groups MCU and 247 
CMCU using the same timber beams. An average of 73% of reduction of rotation angle was 248 
found when a crack was applied to the middle row. The results provide good correlation to 249 
the comparison of the rotation angle between groups MCU and CMCU.  250 
To summarise, self-tapping screws with thread on the point end can slightly improve the 251 
moment-resisting capacity and rotational capacity of dowel-type connections when placed at 252 
1d distance from the dowel. It can also restore the rotational capacity of damaged 253 
connections to their original status.  254 
3.2. Failure modes 255 
The major failure mode during this test was splitting failure of the beam parallel to the grain 256 
and the cracks were mostly located at the top rows of the fasteners group. All of the 257 
observed splitting of timber was sudden and accompanied by significant load drop. Table 4 258 
provides a summary of the inspection of each specimen after failure. As the test 259 
configuration cannot control the initiation of crack to happen on a specific side, it is difficult to 260 
give a detailed observation of the cracks that appeared on the non-DIC side, which had no 261 
recording from the DSLR camera or digital video camera. The crack length on the DIC side 262 
was measured by the DIC software and for cracks on the non-DIC side, a tape measure was 263 
used.  264 
As can be seen in Table 4, the majority of the unreinforced undamaged specimens had 265 
splitting on either side of the beam and all the unreinforced specimens with artificial cracks 266 
had significant wood splitting. The crack initiated, around the end of the beam and most of 267 
the crack propagated either to or beyond the third dowel on the top row. An example of crack 268 
propagation in the unreinforced group is shown in Figure 7 (a). The average crack lengths 269 
for groups MCU and CMCU were 392mm and 356mm, respectively. 270 
 271 
 272 
Figure 7: Observation from DIC on crack propagation at failure point (from left to right): (a) MCU1, (b) CMCU2, 273 
(c) MCBS3 and (d) CMCBS1. 274 
In the reinforced group without artificial cracks, only two specimens, MCBS3 and MCBS4, 275 
developed a crack on the top row and their cracks reached the second dowel at the point of 276 
failure. An example of crack on specimen MCBS3 is shown in Figure 7 (c). The average 277 
crack length for group MCBS was 155mm, approximately 60% reduction in length when 278 
compared with the unreinforced group MCU.  279 
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As for the reinforced specimens with artificial cracks, two of the connections developed new 280 
cracks apart from the existing pre-made crack. Their developed cracks reached the third 281 
dowel but did not propagate any further at the point of failure, as illustrated in Figure 7 (d). 282 
The rest of the group developed no additional cracks and DIC showed stress concentration 283 
along the artificial crack, as shown in Figure 8. The stress concentration along the crack was 284 
insignificant compared to the crack developed on the top row in Figure 7 (d) and thus was 285 
not shown in the image. The average crack length for group CMCBS was 223mm which is 286 
37% shorter than that of the cracked unreinforced group CMCU.  287 
Table 4: A detailed report on specimens after failure. 288 
Specimen Crack location and longest length on the DIC 
side 
Crack location and longest length on the non-DIC 
side  
MCU1 Top row, 311mm No crack 
MCU2 Top row, 228mm No crack 
MCU3 No crack  No crack 
MCU4 Top row, 559mm No crack 
MCU5 Bottom row, 459mm No crack 
MCU6 No crack  Top row, 402mm 
CMCU1 No crack  Top row, 227mm 
CMCU2 Top row, 353mm No crack 
CMCU3 Top row, 446mm Top row, 312mm 
CMCU4 Top and bottom row, 677mm Top and bottom row, 617mm 
CMCU5 Top and middle row, 273mm Top and middle row, 246mm 
CMCU6 No crack  Top row, 273mm 
MCBS1 No crack  No crack 
MCBS2 Top row, 159mm No crack 
MCBS3 Top row, 151mm No crack 
MCBS4 No crack  No crack 
MCBS5 No crack  No crack 
MCBS6 No crack  No crack 
CMCBS1 Top row, 229mm; stress concentration on 
artificial crack 
No crack 
CMCBS2 Top row, 214mm; stress concentration on 
artificial crack 
Top and bottom row, 221mm 
CMCBS3 No crack; stress concentration on artificial 
crack 
No crack 
CMCBS4 No crack; stress concentration on artificial 
crack 
No crack 
CMCBS5 No crack; stress concentration on artificial 
crack  
No crack 
CMCBS6 No crack; stress concentration on artificial 
crack  
No crack 
11 
 
 289 
Figure 8: DIC analysis showing stress concentration around the artificial crack at the failure point of specimen 290 
CMCBS4. 291 
By comparing the occurrence of splitting failure in the four groups, a preliminary conclusion 292 
is that self-tapping screws with partial thread on the point end can reduce the chance of 293 
crack initiation and effectively prevent crack propagation in moment-resisting dowel-type 294 
connections. The cracks in both reinforced groups show significant reduction in length 295 
compared to the unreinforced groups.  296 
 297 
Figure 9: Bending of 5mm steel plates (left) and 15mm steel base plate (middle) and yielding of steel dowels 298 
(right). 299 
In the test, bending of the steel dowels and steel plates was also observed, as shown in 300 
Figure 9. All the dowels except the central one in the moment-resisting connections 301 
displayed a level of yielding with a hinge formed at the midpoint of the axial length of the 302 
dowels. The yielding of the screw explains the reason for some connections showing load 303 
drop without the formation of a crack in Table 4. According to EC5, the failure mode of the 304 
connections is mode type 2 which is a combination of embedment failure and single yield 305 
failure of the fastener.  306 
However, none of the self-tapping screws used in this study displayed significant screw head 307 
embedment into the wood as shown in Figure 10. In previous studies [11, 12], screw head 308 
embedment is a result of a combination of bending of the screw and the action to split the 309 
wood by tensile load perpendicular to the grain. The self-tapping screws were retrieved after 310 
the test while visual observation does not identify significant damage to the screws. 311 
 312 
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 313 
Figure 10: The specimen from MCBS5 shows no sign of screw head embedment after the test.  314 
One possible explanation is that some dowels were not in contact with the screw at the point 315 
of failure, because the self-tapping screws were placed at 1d (§ 12mm) distance from the 316 
dowel. The purpose of a 1d spacing was to avoid the risk of the screw passing through the 317 
holes for the fasteners due to the existence of knots that may have caused the screw to 318 
deviate from its original vertical course during installation. The action of bending of the screw 319 
was not possible, thus, the embedment of the screw head was insignificant. The connection 320 
part of MCBS2 was cut off from the beam and a band saw was used to separate the part into 321 
two for inspection. In Figure 11, it is observed that, as suggested above, the dowels were not 322 
in contact with the screws by the point of failure of the connection.  323 
 324 
 325 
Figure 11: Inspection of screw and dowel interaction in the connection area in group MCBS2. 326 
Therefore, the tendency for screw head embedment mainly depends on the splitting action 327 
of wood. However, as recorded in Table 4, the reinforced connections showed no significant 328 
cracking, indicating that the splitting action is also reduced. This implies that self-tapping 329 
screws as reinforcement can effectively control crack propagation as a higher rotational 330 
capacity is found in the reinforced groups in Table 3.  331 
 332 
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4. Theoretical prediction of moment-resisting capacity of dowel-333 
type connections 334 
Currently, the industry is promoting the use of glulam products and proposing large-scale, 335 
high-rise timber buildings. Studies have indicated that self-tapping screws are effective as 336 
reinforcement and also possess the advantage of simplicity, as they are easy to install and 337 
require less space than steel or FRP reinforcement. On the other hand, there is no guidance 338 
given in standards to calculate the moment-resisting capacity of dowel-type connections 339 
reinforced by self-tapping screws. Therefore, this study proposes a method to calculate the 340 
moment-resisting capacity of screw-reinforced dowel-type connections.  341 
4.1. Assumption and procedures 342 
 343 
Figure 12: The rotational behaviour of the fasteners in the tested specimen. 344 
Key points of the proposed prediction method are summarised in the following paragraphs. 345 
The connection is regarded as rotationally rigid. For a rigid model, one important assumption 346 
is that the centre of rotation remains fixed under loading. In addition, the centre of rotation is 347 
taken as the centre of the fastener group and all the fasteners are applied with the same 348 
linear-stiffness behaviour in the analysis. Figure 12 shows the rotation of fasteners around 349 
the centre at angle, Ʌ, and transfer loads normal to the direct distance from the centre. 350 
The method is based on the calculation model that was demonstrated in Blaß [23] and 351 
Porteous and Kermani [24] for a rotationally rigid connection:  352 ܯௗ ൌ ሺி೘ǡ೏ǡ೘ೌೣ௥೘ೌೣ ⁡? ݎ௜ଶሻ ⁡? ௦݊௣௡௜ୀଵ                                                                                 (2) 353 
where:  
Md is the design moment-resisting capacity of the connections; 
Fm,d,max is the maximum load normal to its distance to the centre of rotation due to the 
moment imposed on the connections; 
rmax is the maximum distance between the dowel and the centre of rotation; 
n is the number of dowels; 
i represents the dowel in the connections; 
ri is the distance between the dowel and the centre of rotation; 
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nsp is the number of shear planes. 
In the experimental tests of this study, mode type 2 failure (including the embedment failure 354 
of wood and single yield failure of the dowel) was observed. For convenience, the labels for 355 
the dowels are used to represent the area where mode type 2 failure has occurred. For 356 
instance, µIDLOXUHRI$UHD$¶ indicates that dowel A and the wood around it has failed.  357 
In the proposed method, the vertical load, F, acting on the beam is considered into 358 
calculation. With the additional vertical load, the angle of the total load on the dowel to the 359 
grain direction is changed and the corresponding embedment strength can be different, 360 
leading to various Fm,d,max and Md, for the dowels furthest from the centre of rotation (e.g. 361 
dowels A and C comparing to dowels E and G in Figure 13 (b) in the next section). 362 
Therefore, the fastener areas may not fail simultaneously even though they have same 363 
direct distance to the centre of rotation, as the local mechanical properties are influenced by 364 
the loading direction, reinforcement and artificial damage. 365 
Thus, the fundamental idea of the proposed method is to input the characteristic embedment 366 
strength from previous study [11] (listed in Table 5) to predict the Fm,k,max and Mk based on 367 
the loading condition of each dowel. Then, finding the sequence of failure of the areas by 368 
sorting the acquired Mk values from the smallest to the largest. Finally, calculating the 369 
characteristic moment-resisting capacity of the connections by considering the early failure 370 
of certain areas.  371 
The proposed method estimates the moment-resisting capacity at ultimate load. Due to the 372 
nature of the reinforcement method, not all the fasteners are bearing on the reinforced wood. 373 
Some of the fasteners are bearing on unreinforced wood leading to a lower load-carrying 374 
capacity and that area around it would tend to fail earlier than those having fasteners bearing 375 
on reinforced wood. It is less accurate to use the load-carrying capacity, which is calculated 376 
based on the condition that the fastener is bearing on unreinforced wood, to predict the 377 
moment-resisting capacity of the reinforced connections. In this case, an assumption is 378 
made that the connection is effective until failure has occurred to three or four fastener 379 
areas, and the failed areas continue to provide their full load-carrying capacity and support to 380 
vertical load until the total number of failed areas reaches to 3 or 4 (involving at least one 381 
failure area that is reinforced). This is done in order to include the reinforcement effect when 382 
calculating the capacity of reinforced connections. To ensure consistency, this assumption is 383 
applied to all types of connections tested in this study. 384 
It is proposed that the criteria to consider failure of reinforced connections is the prediction 385 
must involve the failure of at least one reinforced area.  386 
Furthermore, this study assumes the vertical load on the dowels is evenly distributed. In a 387 
real connection, there is a lack of fit of the dowels (gaps around the dowels) at the beginning 388 
and the gaps close as the dowels take up load progressively. Therefore, the prediction in this 389 
study is based on the situation after initial rotation has closed the gaps around the dowels.  390 
The characteristic moment-resisting capacity of the four types of connections are given in 391 
Table 6 and a demonstration of calculation is shown for the reinforced connections without 392 
crack.   393 
4.2. Reinforced connections MCBS 394 
The perpendicular distance L of the vertical load, F, to the centre of rotation of the 395 
connections is 842.5mm and the load is equally divided into nine components acting on the 396 
fasteners by two shear planes with each denoted as, Fv, as shown in Figure 13. The forces 397 
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on the dowels due to the moment, M, are denoted as, FX. The total forces acting on the 398 
dowels are represented by FTX and their angles to the grain direction are represented by ĮTX 399 
as demonstrated in Figure 13 (b) where X is the letter representing the dowel as shown in 400 
Figure 13. The direction of the total force on each dowel is different depending on the 401 
combination of the imposed loads. The maximum and minimum perpendicular distances 402 
from a fastener to the centre of rotation are 103.94mm (rmax) and 73.50mm (ri), respectively. 403 
 404 
Figure 13: Forces and their directions on each dowel in group MCBS: (a) vertical load FV and load due to rotation 405 
FX imposed on each dowel; (b) total load FTX and its direction ĮTX; (c) the relative direction of movement of the 406 
dowels due to rotation. 407 
Based on the demonstration in Figure 13, it can be found that dowels E and G are the critical 408 
points as they sustain the highest total load, which is a combination of the load due to 409 
moment and the vertical load. However, as indicated in Figure 13 (c), the relative movement 410 
of the dowels is anti-clockwise. Thus, only dowels A, H and G are bearing on screw 411 
reinforced wood with a higher embedment strength and a higher load-carrying capacity. 412 
Therefore, it is assumed that failure occurs to Area E first.  413 
The moment-resisting capacity of the connections, Mk can be expressed as:  414 ܯ௞ ൌ ܨܮ ൌ ሾሺܨ஺ ൅ ܨ஼ ൅ ܨா ൅ ீܨ ሻ ⁡? ݎ௠௔௫ ൅ ሺܨ஻ ൅ ܨ஽ ൅ ܨி ൅ ܨுሻ ⁡? ݎ௜ሿ ⁡? ௦݊௣                         (3) 415 
where:  
F  is the vertical load acting on the beam in Figure 13; 
L  
 
is the perpendicular distance of the vertical load, F, to the centre of rotation of the 
connections and is measured to be 842.5mm in this study; 
rmax  is the distance from the centre of the fastener group to the furthest fastener; 
ri  is the distance from the centre of the fastener group to the furthest fastener; 
nsp is the number of shear planes.  
In this study, a moment acting on the connection causes a rotation of Ʌ and a displacement 416 
of ߜmax in dowel E as shown in Figure 14. The load on the dowel due to the rotation is the 417 
product of the slip modulus and the displacement. For a rigid model, the dowels with equal 418 
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perpendicular distance, either rmax or ri, to the centre of rotation are subject to the same 419 
amount of load assuming they have same slip modulus, K, and rotation angle, Ʌ. Thus:  420 ܨ஺ ൌ ܨ஼ ൌ ܨா ൌ ீܨ ൌ ܭ ⁡? ߜ௠௔௫ ൌ ܭ ⁡? ݎ௠௔௫ ⁡? ߠ                                                          (4) 421 ܨ஻ ൌ ܨ஽ ൌ ܨி ൌ ܨு ൌ ܭ ⁡? ߜ௜ ൌ ܭ ⁡? ݎ௜ ⁡? ߠ                                                               (5) 422 
where:   
K  is the slip modulus for each fastener and assumed to be a constant in here;   ߜ is the displacement of the fastener;  Ʌ  is the rotation of the connection. 
The force FE, acting on dowel E is under consideration in this step. The forces on dowels B, 423 
D, F and H are the same and their magnitude can be found by knowing the proportion 424 
between rmax and ri based on equations (4) and (5), therefore: 425 ܨ஻ ൌ ܨ஽ ൌ ܨி ൌ ܨு ൌ ிಶ௥೘ೌೣ ⁡? ݎ௜                                                               (6) 426 
The loads on dowels A, C, E and G are the same and substituting the load on each fastener 427 
in relation to the load on dowel E into Equation (3), the equation to calculate the 428 
characteristic moment-resisting capacity of the connections can be simplified and expressed 429 
as: 430 ܯ௞ ൌ ܨܮ ൌ ሺ⁡?ܨா ⁡? ݎ௠௔௫ ൅ ⁡? ிಶ௥೘ೌೣ ⁡? ݎ௜ଶሻ ⁡? ௦݊௣                                 (7) 431 
Rearranging the equation: 432 ܨா ൌ ி௅ସ௡ೞ೛ ⁡? ଵሺ௥೘ೌೣା ೝ೔మೝ೘ೌೣሻ                                                                            (8) 433 
 434 
 435 
Figure 14: (a) The loads acting on dowel E; (b) Resolving the loads into vertical and horizontal components. 436 
As shown in Figure 14 (b), the magnitude and angle of the total load on dowel E, FTE, can be 437 
found by resolving Fv and FE into horizontal and vertical components. The load due to 438 
moment, FE, is at 45° to the horizontal direction. The load in the vertical direction is the sum 439 
of the Fv and the components of FE:  440 
 ܨ௩௘௥௧௜௖௔௟ ൌ  ܨ௩ ൅ ܨா ⁡? ݏ݅ሺ݊⁡?⁡?⁡?ሻ ൌ ி௡ೞ೛௡൅ ܨா ⁡? ݏ݅ሺ݊⁡?⁡?⁡?ሻ ൌ ிଶൈଽ൅ ⁡?ଶଶ ܨா ൌ ிଵ଼൅ ⁡?ଶଶ ܨா         (9) 441 
where:  
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Fv is the vertical load on the fastener; 
FE is the load on the fastener due to moment; 
F is the vertical load on the connection; 
nsp is the number of shear planes; 
n is the number of fasteners. 
The horizontal component is contributed from the load FE only. Therefore, the following 442 
equation can be established: 443 
  ݐܽ݊ሺߙ்ாሻ ൌ ሺ ಷభఴା⁡?మమ ிಶሻ⁡?మమ ிಶ                                                                              (10) 444 
By substituting Equation (8) and the values for L, nsp, rmax and ri into Equation (10), the angle 445 
of FTE to the grain direction, ĮTE is: 446 
    ߙ்ா ൌ ݐܽ݊ିଵ ቂ⁡? ൅଼⁡?ଶଵ଼௅ ⁡? ሺݎ௠௔௫ ൅ ௥೔మ௥೘ೌೣ ሻቃ ൌ ⁡?⁡?Ǥ⁡?⁡?⁡?                                                  (11)     447 
Thus, the total load on the dowel FTE should not exceed the load-carrying capacity in this 448 
direction. The load-carrying capacity can be calculated using the following equations from 449 
EC5 [22]:  450 
ܨ௩ǡோ௞ ൌ ݉݅݊ ۖەۖ۔
ۓ ௛݂ǡଵǡ௞ݐଵ݀ሺ݂ሻ௛݂ǡଵǡ௞ݐଵ݀ ൤ට⁡? ൅ ସெ೤ǡೃೖ௙೓ǡభǡೖௗ௧భమ െ ⁡?൨ ൅ ிೌೣǡೃೖସ ሺ݃ሻ⁡?Ǥ⁡?ඥܯ௬ǡோ௞ ௛݂ǡଵǡ௞݀ ൅ ிೌೣǡೃೖସ ሺ݄ሻ                                          (12) 451 
where:  
fh,1,k is the characteristic embedment strength in the timber member; 
t1 is the smaller of the thicknesses of the timber side member or the penetration 
depth; 
d is the fastener diameter; 
My,Rk is the characteristic fastener yield moment; 
Fax,Rk is the characteristic withdrawal capacity of the fastener and is equal to zero for 
steel dowels. 
Fv,Rk depends on the characteristic embedment strength of the wood, fh,1,k,  in the loaded 452 
angle, ĮTE, to the grain direction and in here is 0°, 45° and 90° as shown in Figure 12. Based 453 
on the characteristic embedment strength parallel to the grain, fh,0,k, acquired from [11], as 454 
shown in Table 5, fh,1,k, can be calculated through the Hankinson formula given in clause 455 
8.5.1.1 (2) in EC5: 456 
௛݂ǡఈǡ௞ ൌ ௙೓ǡబǡೖ௞వబ௦௜௡మఈା௖௢௦మఈ                                                                                     (13) 457 
where:  
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k90 is equal to 1.53 for a member made of softwood and connected by 12mm 
diameter dowels. 
The embedment tests from Table 5 were acquired from previous tests of European 458 
Whitewood using 16mm dowels with same material properties for the 12mm dowels used in 459 
this study. The loading direction of the embedment test was parallel to the grain. 460 
Table 5: Summary of characteristic values calculated based on previous test [11]. 461 
Group Description Characteristic embedment 
strength from previous test, 
fh,0, k (N/mm2)  
U No crack, unreinforced 20.07 
BS No crack, reinforced by screw with 33% thread on the point end 24.80 
C1.5U 1.5mm crack, unreinforced 14.91 
 462 
As mentioned previously, the wood that dowel E is bearing on is unreinforced due to the 463 
relative movement of the dowel during rotation; and, for a connection with dowel E, the load-464 
carrying capacity can be found by using the unreinforced embedment strength (U) at 48.15Û 465 
to the grain direction. For unreinforced wood, if no reference values are available from tests, 466 
the use of the formulas in EC5 Equation 8.31 is recommended to calculate the characteristic 467 
embedment strength. Another approach is to acquire the embedment strength 468 
experimentally following BS EN 383:2007 [25] and using BS EN 14358:2016 [26] to calculate 469 
the characteristic value.  470 
There is other available literature that presents values of embedment strength of 471 
unreinforced and screw-reinforced wood in [14-20]. However, most of the available results 472 
are not characteristic values but mean values.  473 
Thus, from Equation (12), Fv,Rk is calculated to be 6.74kN (mode type 2 failure) and FTE is not 474 
greater than this value. As the horizontal component of FTE is contributed by FE (see Figure 475 
14), a relationship between FTE and FE is demonstrated below:  476 
  ܨ்ா ⁡? ܿ݋ݏሺ⁡?⁡?Ǥ⁡?⁡?Ǐሻ ൌ ⁡?ଶଶ ܨா                                                                                   (14) 477 
Therefore, FE equals to 6.36kN when the maximum value of 6.74kN is assigned to FTE. 478 
Substituting the value of FE into Equation (7), the characteristic moment-resisting capacity of 479 
the reinforced connections based on the load-carrying capacity of a connection contains 480 
dowel E is found to be 7.93kNm. 481 
By this point, only one area has failed and the prediction does not consider the 482 
enhancement of embedment strength due to the screw reinforcement. Therefore, the 483 
predicted value is not accurate enough for a reinforced connection. As previously mentioned, 484 
the failed area will still provide the load-carrying capacity and vertical support until two or 485 
three more areas fail. The ultimate state of the connections has not yet been reached.  486 
To have a more accurate prediction, the capacity of the reinforced connections is checked 487 
regarding to Areas C, F and G, respectively, based on the failure of Area E (a combination of 488 
embedment failure and fastener failure). The connections are likely to fail at these locations 489 
with a higher total load (see Figure 13 (b)). A new equation is established based on the load 490 
on dowel C (FC is equal to FA) for demonstration:  491 
19 
 
ܯ௞ ൌ ܨܮ ൌ ሺ⁡?ܨ஼ ⁡? ݎ௠௔௫ ൅ ⁡? ி಴௥೘ೌೣ ⁡? ݎ௜ଶ ൅ ܨா ⁡? ݎ௠௔௫ሻ ⁡? ௦݊௣                                    (15) 492 
Rearranging the equation: 493 ܨ஼ ൌ ி௅ିிಶ⁡?௥೘ೌೣ⁡?௡ೞ೛ሺଷ⁡?௥೘ೌೣାସ⁡? ೝ೔మೝ೘ೌೣሻ⁡?௡ೞ೛                                                                        (16) 494 
The above equation can be represented by: 495 ܨ஼ ൌ ݔܨ െ ݕ                                                                                        (17) 496 
Substituting the constants and the values for FE from the previous calculation into the 497 
expressions:  498 ݔ ൌ ௅ሺଷ⁡?௥೘ೌೣାସ⁡? ೝ೔మೝ೘ೌೣሻ⁡?௡ೞ೛ ൌ ⁡?Ǥ⁡?⁡?ݕ ൌ ிಶ⁡?௥೘ೌೣ⁡?௡ೞ೛ሺଷ⁡?௥೘ೌೣାସ⁡? ೝ೔మೝ೘ೌೣሻ⁡?௡ೞ೛ ൌ ⁡?Ǥ⁡?⁡?                    (18) 499 ׵ ܨ஼ ൌ ⁡?Ǥ⁡?⁡?ܨ െ ⁡?Ǥ⁡?⁡?                                                                                (19) 500 
 501 
Figure 15: (a) The loads acting on dowel C; (b) Resolving the loads into vertical and horizontal components 502 
The angle between the total load on dowel C and the grain direction, ĮTC, is assumed to be 503 
the angle when failure occurs to Area E. Unlike the expression in equation (10), the load FC, 504 
due to moment acting on dowel C, is in the opposite direction to the vertical load Fv, see 505 
Figure 13 (b) and Figure 15 (a). Therefore, the relationship between ĮTC and the horizontal 506 
and vertical components of FTC is now: 507 
 ݐܽ݊ሺߙ்஼ሻ ൌ ൬⁡?మమ ி಴ି ಷభఴ൰⁡?మమ ி಴ ൌ ⁡? െ ிଵ଼ ⁡?⁡?ଶி಴                                                                  (20) 508 
The corresponding load FC on dowel C at that moment can be found using the relationship 509 
identified in Equation (4). Dowels C and E have the same distance to the centre of rotation 510 
rmax, slip modulus K and rotation angle Ʌ: 511 ܨ஼ ൌ ௄⁡?௥೘ೌೣ⁡?ఏ௄⁡?௥೘ೌೣ⁡?ఏܨா                                                                                         (21) 512 
The vertical load Fv on dowel C at that moment is the vertical load F on the beam divided by 513 
18 (with nine dowels and two shear planes) (when dowel E has failed) and is calculated to 514 
be 0.52kN (from previous calculation on dowel E). Thus, the angle of the total load on dowel 515 
C can be found by substituting Equation (21) into Equation (20) and knowing the value of 516 
load FE also from previous calculation on dowel E:  517 ߙ்஼ ൌ ݐܽ݊ିଵ ൥൬⁡?మమ ಼⁡?ೝ೘ೌೣ⁡?ഇ಼⁡?ೝ೘ೌೣ⁡?ഇிಶି ಷభఴ൰⁡?మమ ಼⁡?ೝ೘ೌೣ⁡?ഇ಼⁡?ೝ೘ೌೣ⁡?ഇிಶ ൩ ൌ ݐܽ݊ିଵሺ⁡? െ ிଵ଼ ⁡?⁡?ଶிಶሻ ൌ ⁡?⁡?Ǥ⁡?⁡?⁡?                                            (22) 518 
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Dowel C will move away from the self-tapping screw (see Figure 13 (c)), meaning that the 519 
wood it bears on is not reinforced. Thus, the embedment strength is taken for the 520 
unreinforced value (U) in Table 5 DWÛWRWKHJUDLQGLUHFWLRQXVLQJWKH+DQNLQVRQ521 
formula (Equation (13)). The embedment strength is then substituting into the load-carrying 522 
capacity equations for a connection (Equation (12)). Therefore, the load-carrying capacity of 523 
a connection contains dowel C can be found as 7.01kN and the total load FTC cannot be 524 
greater than this value. 525 
For dowel C, a relationship between the total load FTC, the load FC due to the moment and 526 
the vertical load Fv can be established (see Figure 15 (b)): 527 ܨ்஼ଶ ൌ ሺ⁡?ଶଶ ܨ஼ሻଶ ൅ ሺ⁡?ଶଶ ܨ஼ െ ிଵ଼ሻଶ                                                        (23) 528 
Substituting Equation (19) into Equation (23), a quadratic equation with unknown F can be 529 
written as following: 530 ⁡? ൌ ሺݔଶ െ ௫⁡?ଶଵ଼ ൅ ଵଷଶସሻܨଶ ൅ ሺെ⁡?ݔݕ ൅ ௬⁡?ଶଵ଼ ሻܨ ൅ ሺݕଶ െ ܨ்஼ଶ ሻ                                          (24) 531 
Where FTC can be found using Equations (12) and (13) and the above equation can be 532 
solved which gives the values of F to be 10.72 or -7.43. The value of the load F is taken to 533 
be the positive solution of the quadratic equation. The characteristic moment-resisting 534 
capacity of the reinforced connections at the ultimate state is the product of the load on the 535 
beam (F) and the perpendicular distance of load to the centre of rotation (L) and is 536 
calculated to be 9.03kNm.  537 
Using the same method for Area C, the characteristic moment-resisting capacity of the 538 
connections can be found when Areas F (at 9.15kNm) and G (at 9.17kNm) fail respectively, 539 
with prior failure to Area E. With a higher moment-resisting capacity than 9.03kNm, it implies 540 
that areas fail in a sequence of E, C, F and G.  541 
The next step is to find the moment-resisting capacity of the connections when Area F fails 542 
with Areas E and C having already failed. Similarly, an equation can be established as 543 
follows: 544 ܯ௞ ൌ ܨܮ ൌ ሺ⁡?ܨி ⁡? ݎ௠௔௫ ൅ ⁡? ிಷ௥೘ೌೣ ⁡? ݎ௜ଶ ൅ ܨா ⁡? ݎ௠௔௫ ൅ ܨ஼ ⁡? ݎ௠௔௫ሻ ⁡? ௦݊௣                                      (25) 545 
Repeating the above steps and using the unreinforced embedment strength (U) for the wood 546 
around dowel F, the characteristic moment-resisting capacity of the connections when Areas 547 
E, C and F have failed is 9.13kNm. As can be seen, the moment-resisting capacity has 548 
increased 16% from the first failure of Area E. However, the additional capacity due to the 549 
enhanced embedment strength from reinforcement is not considered as the wood around 550 
dowels E, C and F is unreinforced due to the movement of the dowels.  551 
Thus, the final step is to calculate the moment-resisting capacity of the connections based 552 
on Area G with Areas E, C and F having failed already. Another equation is established: 553 
         ܯ௞ ൌ ܨܮ ൌ ሺ⁡?ீܨ ⁡? ݎ௠௔௫ ൅ ⁡? ிಸ௥೘ೌೣ ⁡? ݎ௜ଶ ൅ ܨா ⁡? ݎ௠௔௫ ൅ ܨ஼ ⁡? ݎ௠௔௫ ൅ ܨி ⁡? ݎ௜ሻ ⁡? ௦݊௣                  (26) 554 
The wood around dowel G is assumed to be reinforced with an enhanced embedment 555 
strength calculated from (BS) in Table 5 and the final characteristic moment-resisting 556 
capacity of the reinforced connections MCBS is found to be 9.14kNm. 557 
  558 
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4.3. Predicted values for characteristic moment-resisting capacity  559 
 560 
Table 6: Summary of predicted values for the connections in this study and brief details for each calculation 561 
steps. 562 
 Step Calculation 
based on 
dowel 
Early 
failure of 
area 
Embedment 
strength based on 
previous study 
Total load to 
grain angle Į 
Load on the 
early failed 
dowel (kN) 
Moment-
resisting 
capacity (kNm) 
M
CU
 
1 E (G) * N/A U 48.15Û N/A 7.93 
2 C (A) * N/A U 41.47Û N/A 9.27 
3 C (A) * E & G U 41.47Û FE=6.36 8.80 
 
  ܯ୩ ൌ ܨܮ ൌ ሺ⁡?ܨେ ⁡? ݎ୫ୟ୶ ൅ ⁡? ிి௥ౣ ౗౮ ⁡? ݎ୧ଶ ൅ ܨ୉ ⁡? ݎ୫ୟ୶ ൅ ܨୋ ⁡? ݎ୫ୟ୶ሻ ⁡? ୱ݊୮ 
CM
CU
 
1 F N/A C1.5U 90.00Û N/A 7.55 
2 
  
E (G) *  F U 48.15Û FF=4.28 7.90 
 
 ܯ୩ ൌ ܨܮ ൌ ሺ⁡?ܨ୉ ⁡? ݎ୫ୟ୶ ൅ ⁡? ிు௥ౣ ౗౮ ⁡? ݎ୧ଶ ൅ ܨ୊ ⁡? ݎ୧ሻ ⁡? ୱ݊୮ 
M
CB
S 
1 E  N/A U 48.15Û N/A 7.93 
2 G E BS 48.15Û FE=6.36 9.17 
3 F E U 90.00Û FE=6.36 9.15 
4 C E U 41.47Û FE=6.36 9.03 
5 F E & C U 90.00Û FE=6.36, 
FC=7.42 
9.13 
6 G E, C & F BS 48.15Û FE=6.36, 
FC=7.42, 
FF=5.33 
9.14 
 
 ܯ୩ ൌ ܨܮ ൌ ሺ⁡?ܨୋ ⁡? ݎ୫ୟ୶ ൅ ⁡? ிృ௥ౣ ౗౮ ⁡? ݎ୧ଶ ൅ ܨ୉ ⁡? ݎ୫ୟ୶ ൅ ܨେ ⁡? ݎ୫ୟ୶ ൅ ܨ୊ ⁡? ݎ୧ሻ ⁡? ୱ݊୮ 
CM
CB
S 
1 F N/A C1.5U 90.00Û N/A 7.55 
2 E  F U 48.15Û FF=4.28 7.90 
3 C F & E U 41.47Û FF=4.28, 
FE=6.36 
8.88 
4 G F & E BS 48.15Û FF=4.28, 
FE=6.36 
9.02 
5 G F, E & C BS 48.15Û FF=4.28, 
FE=6.36, 
FC=7.40, 
8.99 
 
ܯ୩ ൌ ܨܮ ൌ ሺ⁡?ܨୋ ⁡? ݎ୫ୟ୶ ൅ ⁡? ிృ௥ౣ ౗౮ ⁡? ݎ୧ଶ ൅ ܨ୉ ⁡? ݎ୫ୟ୶ ൅ ܨେ ⁡? ݎ୫ୟ୶ ൅ ܨ୊ ⁡? ݎ୧ሻ ⁡? ୱ݊୮ 
* Dowel in the brackets fail simultaneously. 563 
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Table 6 lists the calculation steps for each group tested in this study. In groups CMCU and 564 
CMCBS, the dowels B and F will tend to move parallel to the grain direction and a crack 565 
passes through the dowels. Therefore, cracked unreinforced embedment strength of wood 566 
(C1.5U) from Table 5 is used.  567 
Table 7 summarises the predicted capacity compared with the characteristic moment-568 
resisting capacity from the connection tests. The characteristic moment-resisting capacity 569 
from the connection tests is calculated according to the 5-percentile method in BS EN 570 
14358:2016 [26].  571 
As can be seen from Table 7, the calculation method gives underestimated values when 572 
compared to the characteristic values calculated from the test which is in line with 573 
expectation that prediction should provide a conservative value. Comparing the calculated 574 
characteristic values with the predicted values, the unreinforced group MCU shows a 5% 575 
difference. This implies that the method is conservative but is still an accurate estimation of 576 
the moment-resisting capacity of the connections. As for the other three groups, the 577 
prediction method is also conservative but with a higher percentage error. The proposed 578 
method is based on the existing method which does not consider the influence of crack and 579 
reinforcement. Applying the embedment strength for each different situation in the proposed 580 
method would gain a more accurate estimation but the reduction of the percentage error 581 
requires further investigation and modification of the method. The proposed method provides 582 
an insight into predicting the moment-resisting capacity of screw-reinforced dowel-type 583 
connections.  584 
Table 7: Calculated characteristic moment-resisting capacity from tests and estimated characteristic moment-585 
resisting capacity based on proposed calculation method. 586 
 MCU CMCU MCBS CMCBS 
Characteristic moment-resisting capacity 
calculated based on six repetitions (kNm) 
9.26 10.41 12.94 12.06 
Characteristic moment-resisting capacity of 
connections estimated by using the characteristic 
value of embedment tests (kNm) 
8.80 7.90 9.14 8.99 
Percentage error between the characteristic test 
and predicted values 
5.0% 24.1% 29.4% 25.5% 
 587 
As screw reinforcement involves strengthening the wood material, it has been assumed that 588 
such reinforcement could change the basic assumption that all the steel dowels rotate 589 
around the centre of the fastener group. To further validate the credibility of the proposed 590 
modes, DIC analysis was used to identify the movement of fasteners under certain rotations 591 
of the connections. Specimen rotation at 2.5Û was chosen and the corresponding images 592 
were selected. DIC analysis can show the horizontal and vertical displacement of points 593 
around the dowels on the images and the movement of the dowels (displacement and 594 
direction) can be calculated. This method helps to demonstrate whether the fasteners in the 595 
reinforced specimens rotate around the centre of rotation, as illustrated in Figure 12. 596 
The result is shown in Figure 16 with the theoretical rotation direction of the dowels 597 
represented by a solid line with an arrow. The actual rotation direction of the dowel is 598 
represented by a dashed line. The theoretical displacement can be found by calculating the 599 
distances between the dowels and the centre of rotation but is not displayed in Figure 16. 600 
Overall, the realistic movement of the fastener in all specimens showed good correlation to 601 
theoretical movement in both displacement and rotation. Therefore, it confirms that 602 
specimens reinforced by self-tapping screws placed at 1d fastener spacing follows the 603 
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assumption that all fasteners rotate around the centre of the fastener group and validates the 604 
proposed method for calculating the moment-resisting capacity of reinforced dowel-type 605 
connections.  606 
Furthermore, DIC analysis calculated the displacement of the centre dowel as shown in 607 
Figure 16. The values of displacement for all four groups are small and negligible. This 608 
confirms the previous assumption that the centre of the fastener group remains fixed. The 609 
displacements of the centre dowels at smaller theoretical and measured rotation (e.g. 1° and 610 
2°) are not shown in this study, while their values are also found to be smal l.  611 
 612 
Figure 16: Measured dowel displacement at 2.5° rotation angle. Most of the dashed lines representing the actual 613 
direction are hardly visible due to the high correlation with the theoretical direction.  614 
5. Conclusion 615 
This study investigates the performance of dowel-type moment-resisting connections 616 
reinforced by self-tapping screws compared with unreinforced connections. Enhancement of 617 
screw reinforcement on artificially damaged connections is also investigated. The following 618 
points can be concluded from the results in this study: 619 
x Partially threaded self-tapping screws placed at one fastener spacing to the dowel 620 
can enhance rotational capacity while the improvement in moment-resisting capacity 621 
is slight.  622 
x When a connection was damaged by making a 1.5mm artificial crack at the middle 623 
row of its fastener group, self-tapping screws as reinforcement restored the rotational 624 
capacity to its original undamaged state.  625 
x Based on experimental observation, the tendency of splitting failure was greatly 626 
controlled by the application of self-tapping screws. In addition, according to images 627 
from DIC, crack propagation was also controlled by having self-tapping screws. The 628 
average crack lengths in the unreinforced groups MCU and CMCU were 392mm and 629 
356mm, respectively. The average crack lengths in the reinforced groups MCBS and 630 
CMCBS were 155mm and 223mm, respectively. The average crack length in 631 
reinforced specimens was at least 37% shorter than in the unreinforced ones. 632 
x A calculation method for predicting the moment-resisting capacity of connections 633 
reinforced by screws is proposed and shows conservative values when compared 634 
with experimental results (percentage error ranging from 5-29.4%). The displacement 635 
results from DIC also validated that the steel dowels in the reinforced specimen 636 
followed the assumption that they rotate around the centre of the fastener group. 637 
Therefore, the proposed method can be used to predict the moment-resisting 638 
24 
 
capacity of screw reinforced dowel-type connections with similar configuration of 639 
connections and screw reinforcement. 640 
An important conclusion in this study is that screw reinforcement leads to a more ductile, 641 
safer failure. It may not be worth using the screws with partial thread for increased 642 
strength but it is certainly worth using them to restore the ductility after the development 643 
cracks and ensure a less brittle failure. 644 
In addition, the proposed calculation method establishes a path to find the moment-645 
resisting capacity of dowel-type connections reinforced by self-tapping screws. The 646 
experiment is based on a small sample size, and more repetitions should be performed 647 
to reduce the variability in the results that is induced by the inherent material 648 
characteristic of wood. Furthermore, the applicability of the proposed method to other 649 
configurations of reinforced connections can be achieved with available embedment 650 
strength of timber that is reinforced by screw with similar thread configuration and screw 651 
to dowel distance.  652 
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